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ARG2 アルギナーゼ 2 
ASL アルギニノコハク酸分解酵素 
ASS アルギニノコハク酸合成酵素 
























































































































Fig. 2 Metabolic pathways of urea cycle-related metabolites in the liver, intestinal tract, 
and kidneys 
Gln: glutamine, Glu: glutamic acid, Pro: proline, Arg: arginine, Orn: ornithine, Cit: 
citrulline, GLS: glutaminase, P5CS: pyrroline-5-carboxylate synthase, OAT: ornithine 
aminotransferase, OCT: ornithine carbamoyltransferase, PRODH: proline dehydrogenase, 





















































MCTは、0 (0.5% MC)、30、100、又は 300 mg/kgの用量でラットに単回強制経口投与し、
投与後 3、8、又は 24時間後に各群 5例ずつ剖検した。ConAは、0（生理食塩液）、3、20、
又は 30 mg/kgの用量でラットに単回尾静脈投与し、投与後 3、8、又は 24時間後に各群 5例
ずつ剖検した。ANITは、0（コーンオイル）、25、50、又は 100 mg/kgの用量でラットに単
回強制経口投与し、投与後 24、48、又は 72時間後に各群 5例ずつ剖検した。TMPDは、0 
（0.5% MC）、3、又は 9 mg/kgの用量でラットに単回強制経口投与し、投与後 24時間後に
各群 5例ずつ剖検した。各被検物質の投与用量及びサンプリングの時点は、これまでに報告
されている肝臓及び骨格筋障害の病理変化に基づき設定した(29-32)。血液サンプルはイソ
フルラン麻酔下で腹大動脈から採取した。血液の一部は 30 分間室温で放置後、遠心分離 
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（3000 rpm, 4°C, 10 min）を行い、血液化学的検査及びアルギナーゼ濃度測定に用いた。残
りの血液はエチレンジアミン四酢酸（EDTA）入りチューブ及びヘパリンリチウム入りチュ



















6. 血中アルギナーゼ濃度の測定と in vitro でのアルギナーゼ活性測定 
血中アルギニン低下の変動機序を調べるため、アルギニンの代謝酵素であるアルギナー
ゼの血中濃度と In vitroでのアルギナーゼ活性を測定した。血中アルギナーゼ濃度の測定に




30 mg/kg 投与群の投与 8 時間後のサンプルを用いた。85 μL の 60 μM アルギニン溶液に
10 μLの 1 mM N-hydroxy-nor-L-arginine又は 10 μLの蒸留水を加え、さらに 5 μLの血漿サン
















群と被検物質投与群の値の比で示した。全データは Student’s t-test（等分散データ）、Aspin 
Welch’s t-test（不等分散データ）、又は Dunnett’s multiple comparison testで統計学的に解析し
た。血中アルギニンと ALT の相関、又は血中アルギニンとアルギナーゼの相関はスピアマ
ンの順位相関分析により評価した。これらの統計解析は SAS System Release 8.2（SAS Institute 
Inc.）で行った。P < 0.05の場合に統計学的に有意とした。 
 
第三節 実験結果 
1．肝障害モデル又は骨格筋障害モデルでの血中 ALT 活性と病理組織変化 
各肝障害モデルの血中 ALT は、MCT の 100 mg/kg以上の投与群、ConA の 3 mg/kg 以上
の投与群、ANITの 50 mg/kg以上の投与群で上昇した（Fig. 3）。ALTの最大値は、MCTの




た。すなわち、MCT の 100 mg/kg 以上の群では、肝細胞壊死及び小葉中心性の出血がみら
れた。ConAの 3 mg/kg以上の群ではリンパ管の拡張が、20 mg/kg以上の群では肝細胞壊死
がみられた。ANITの 50 mg/kg以上の群では、肝細胞及び胆管上皮の壊死がみられた。肝細
胞壊死は、MCTの 100 mg/kg以上の群、ConAの 20 mg/kg以上の群、ANITの 50 mg/kg以
上の群で共通しており、これらの変化はいずれも ALTの上昇を伴っていた。 
骨格筋障害モデルでは、TMPDの 9 mg/kg群で投与 24時間後に対照群の ALT（32 U/L）




血中アルギニンレベルは、MCTの 100 mg/kg以上の群、ConAの 3 mg/kg以上の群、ANIT
の 50 mg/kg以上の群で上昇した（Fig. 4）。アルギニンレベルの最小値は、MCTの 300 mg/kg
群で投与 8時間後、ConAの 20 mg/kg群で投与 3時間後、ANITの 100 mg/kg群で投与 24時
間後にそれぞれ観察された。3 つの肝障害モデルすべてで、血中アルギニンと血中 ALT の
有意な相関がみられ、相関係数はMCT：r = -0.746（P < 0.05、n = 60）、ConA：r = -0.795（P < 0.05、
n = 60）、ANIT：r = -0.787（P < 0.05、n = 60）であった（Fig. 5）。骨格筋障害モデルでは血中
アルギニンの変動はなく、血中アルギニンと血中 ALT の相関係数は r = 0.116（P > 0.05、





血中アルギナーゼ濃度は、MCT の 300 mg/kg 群、ConA の 20 mg/kg 以上の群、ANIT の 
50 mg/kg 以上の群で上昇した（Fig. 6A）。3 つの肝障害モデルすべてで、血中アルギナーゼ
と血中アルギニンの有意な相関がみられ、その相関係数はMCT：r = -0.605（P < 0.05、n = 15）、 
ConA：r = -0.808（P < 0.05、n = 15）、ANIT：r = -0.672（P < 0.05、n = 15）であった（Fig. 6B）。
In vitro でのアルギナーゼの活性測定では、ConA の 30 mg/kg群の血漿は溶液中のアルギニ







に関連で同定された 13 の代謝物のうち、オルニチンの上昇が MCT 及び ANIT 投与群でア
ルギニンの低下と共に観察された。一方で、ConA投与群ではアルギニンは低下したが、オ
ルニチンの上昇は観察されなかった。 





















































































でも血中アルギニンと ALT（MCT、ConA、ANITでそれぞれ r = -0.746、-0.795、-0.787）、




















Fig. 3 Serum ALT activity in hepatic injury models induced by monocrotaline, concanavalin 
A, or α-naphthyl isothiocyanate. Data represent the mean ± SD (n=5).  *P < 0.05, **P < 0.01: 
Significantly different from the control group by Dunnett’s test. 
Note. Reprinted from “Metabolomic analysis of arginine metabolism in acute hepatic injury in rats.” 






Fig. 4 Plasma arginine levels in hepatic injury models induced by monocrotaline, 
concanavalin A, or α-naphthyl isothiocyanate. Arginine levels are expressed as a ratio of the 
value relative to the mean value of the vehicle control group. Data represent the mean ± SD of 5 
samples.  **P < 0.01: Significantly different from the control group by Dunnett’s test. 
Note. Reprinted from “Metabolomic analysis of arginine metabolism in acute hepatic injury in rats.” 





Fig. 5 Relationship between plasma arginine levels and serum ALT activities in the hepatic 
injury models induced by monocrotaline, concanavalin A, or α-naphthyl isothiocyanate. 
Correlations between serum ALT activities and plasma arginine levels were evaluated by 
Spearman’s correlation coefficient statistical analysis. 
Note. Reprinted from “Metabolomic analysis of arginine metabolism in acute hepatic injury in rats.” 





Fig. 6 Involvement of blood arginase in blood arginine metabolism. (A) Serum arginase 
concentrations in the hepatic injury models induced by monocrotaline (MCT), concanavalin A 
(ConA), or α-naphthyl isothiocyanate (ANIT). Data represent the mean ± SD of 5 animals. ** P 
< 0.01: Significantly different from the control group by Dunnett’s test. (B) Relationship 
between serum arginase concentrations and plasma arginine levels in the hepatic injury models 
induced by MCT, ConA, or ANIT. (C, D) Arginase activity in vitro. Plasma samples were 
incubated with external arginine in the absence (-) or presence (+) of N-hydroxy-nor-L-arginine. 
Open bar; arginase inhibitor (-), Shaded bar; arginase inhibitor (+). Arginine and ornithine 
levels were expressed as a fold change relative to vehicle control group. Data represent the mean 
± SD of 5 samples. ##P < 0.01: Significantly different from the vehicle control group by Welch's 
t-test, ++P < 0.01: Significantly different from the vehicle control group by Student's t-test. 
Note. Reprinted from “Metabolomic analysis of arginine metabolism in acute hepatic injury in rats.” 





Fig. 7 Schematic illustration of pathways for arginine metabolism. ARG, arginase; OCT, 
ornithine carbamoyltransferase; NOS, nitric-oxide synthase; AGAT, arginine: glycine 
amidinotransferase. Roman and Italic typefaces show metabolites and enzymes, respectively. 
Note. Reprinted from “Metabolomic analysis of arginine metabolism in acute hepatic injury in rats.” 




Table 2. Histopathological findings in hepatic or skeletal muscle injury models 
 Monocrotaline
3 8 24 3 8 24 3 8 24 3 8 24
Liver
Single cell necrosis of hepatocyte - - - - - - - - - 3 - -
(+)
Small necrotic foci of hepatocyte - - - - - - - - - 1 5 -
(+) (+)
Necrosis of hepatocyte, centriloblar - - - - - - - - 5 - - 5
(+) (++)
Hemorrhage, centriloblar - - - - - - - - 5 - - 5
(+) (++)
 Concanavalin A
3 8 24 3 8 24 3 8 24 3 8 24
Liver
Single cell necrosis of hepatocyte - - - - - - 5 4 5 5 5 5
(+) (+) (+) (+) (+) (+)
Multifocal necrosis of hepatocyte - - - - - - 4 4 5 5
(+-++) (+-++) (++) (++)
Hemorrhage - - - - - - 3 1 - 1 2 4
(+) (+) (+) (+) (+)
Leukopoiesis - - - - - 4 1 5 5 5
(+) (+) (++) (+) (++)
Dilatation of lymphatics - - - 4 - 3 5 3 5 3 2 4
(+) (+) (+) (+) (+) (+) (+) (+)
Edema at perivascular interstitium - - - - - 1 - - 4 2 - 1
(+) (+) (+) (+)
 Alpha-naphthyl isothiocyanate
24 48 72 24 48 72 24 48 72 24 48 72
Liver
Multifocal necrosis of hepatocyte - - - - - - 5 5 2 5 5 3
(+) (+) (+) (+) (+) (+)
Necrosis of bile duct epithelium - - - - - - 5 5 - 5 5 -
(+) (+) (+) (+)
Cell infiltration around bile duct - - - - - - 5 3 - 5 3 -
(+) (+) (+) (+)
Bile duct fibrosis - - - - - - - 2 4 - 2 5
(+) (+) (+) (+)
Regeneration of bile duct epithelium - - - - - - - 5 5 - 5 5
(+) (+-++) (+) (++)
 Tetramethyl-p -phenylenediamine
0 3 9  
24 24 24
Liver - - -
Soleus muscle
Opaque fibers (hypercontracted fibers) - - 2
(+)
Degeneration, vacuolar, muscle fiber - - 5
(+)
Tibialis anterior muscle
Opaque fibers (hypercontracted fibers) - 2 5
(+) (+)
Degeneration, vacuolar, muscle fiber - - 5
(++)
 -: Within normal limits, +: Slight, +-++: Slight to Moderate, ++: Moderate
0 30 100 300
0 3 20 30
0 25 50 100
Dose (mg/kg)
Time after dosing (hr)
Dose (mg/kg)
Time after dosing (hr)
Dose (mg/kg)
Time after dosing (hr)
Dose (mg/kg)
Time after dosing (hr)
  
Note. Reprinted from “Metabolomic analysis of arginine metabolism in acute hepatic injury in rats.” 
by Saitoh W. et al. 2014, J. Toxicol. Sci. 39, 41–50, Table 1  
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Table 3. Endogenous metabolic profile of blood samples in hepatic or skeletal muscle injury 
models  
 
MCT, monocrotaline; ConA, concanavalin A; ANIT, α-naphthyl isothiocyanate; TMPD, 
tetramethyl-p-phenylenediamine. Data are expressed as a ratio of the value relative to the mean 
value of the respective vehicle control group. Data represent the mean of 4 samples. Shaded cells 
indicate statistically significant increase (red) or decrease (blue) (P < 0.05 by a Welch's t-test). 
Note. Reprinted from “Metabolomic analysis of arginine metabolism in acute hepatic injury in rats.” 
by Saitoh W. et al. 2014, J. Toxicol. Sci. 39, 41–50, Table 2  
arginine 0.15 0.54 0.03 0.90
ornithine 1.46 0.66 1.50 1.19
urea 1.06 1.11 0.81 0.84
c itrulline 0.87 0.53 0.92 1.01
proline 0.94 0.72 0.63 0.86
s arcos ine (N-Methy lgly c ine) 1 .62 0.87 0.43 0.64
dimethy lglyc ine 1.25 0.90 0.45 0.73
dimethy larginine
(SDMA + ADMA)
0.91 0.66 0.92 1.12
N-acety lornithine 1.13 1.08 1.06 0.96
trans -4-hy droxy proline 1.05 0.79 0.81 1.18
homoc itrulline 0.91 1.16 0.92 0.88
s tachydr ine 0.92 0.33 0.75 0.66
homos tachy dr ine 1.13 0.63 1.09 0.99
c reatine 2.40 6.01 1.87 1.72
c reatinine 1.67 1.66 1.48 0.84
gly c ine 1.34 1.11 0.88 0.98
s er ine 1.71 1.05 0.52 0.94
threonine 1.15 0.83 0.81 1.15
alanine 1.05 0.92 0.92 0.61
aspar tate 2.20 1.68 0.69 0.87
asparagine 1.03 0.79 0.92 0.90
glutamate 1.88 1.35 0.99 1.06
glutamine 1.19 1.22 1.30 1.21
lys ine 1.38 1.31 0.83 1.24
pheny lalanine 1.21 1.49 1.40 1.14
ty ros ine 1.64 0.83 0.77 0.96
tr yptophan 1.02 0.82 0.79 0.97
isoleuc ine 0.96 1.00 1.02 0.97
leuc ine 0.99 1.00 1.06 1.00
v aline 0.94 0.91 0.95 0.87
c ys teine 1.72 0.87 1.54 1.04
methionine 1.19 1.02 0.77 0.89
his t idine 1.14 1.05 1.32 1.06
3-methy lhis t idine 1.22 1.52 1.16 1.84
Ketone bodies 3-hydrox ybuty rate 1.54 1.54 2.06 3.24
heptanoate ( 7:0) 0 .76 1.12 1.41 0.76
c apry late ( 8:0) 0 .91 1.10 1.49 0.84
pelargonate (9:0) 1 .07 0.99 1.75 0.81
c aprate (10:0) 1 .10 0.99 1.37 0.82
myr is toleate ( 14:1n5) 1 .53 1.52 1.14 1.56
pentadecanoate (15:0) 2 .21 0.93 0.65 1.04
palmitate (16:0) 1 .34 1.13 1.17 1.15
deoxyc arnit ine 1.31 1.56 0.87 1.10
acety lc arnit ine 1.36 1.84 0.81 1.56
hex anoy lcarnitine 1.84 2.57 0.99 1.60
oc tanoy lcarnit ine 1.76 2.03 1.17 1.86
c holate 45.94 2.18 96.15 2.09
gly coc holate 24.73 1.72 53.22 8.92
taurocholate 7.70 1.75 87.29 0.57
heme 1.47 0.99 1.92 0.70
bilir ubin (Z ,Z) 2 .55 4.88 5.83 1.03
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した。イリノテカンの 3 mg/mL又は 6 mg/kg溶液は生理食塩液（大塚製薬工場）で希釈して
調製した。シトルリン及びアルギニンは和光純薬工業から購入した。D6-シトルリンは、
Toronto Research Chemicals Inc.から購入した。これらのアミノ酸はMilli-Q水に溶解し、それ
ぞれ 1 mM の保存用水溶液を調製した。LC/MS グレードのアセトニトリルとギ酸は関東化








与期間中、イリノテカン投与群と同等量の飼料を Pair-fed対照群に 6日間与えた。1 ppmか







イリノテカンは、0（生理食塩液）、30、又は 60 mg/kgの用量で各群 5又は 6例のラット
に 2、4、又は 6 日間反復静脈内投与した。投与は尾静脈から行い、投与速度は 1.2 mL/min

























した。各 10 μLの血漿に対し、100 μMの D6-シトルリンを含む 2 μLの内部標準溶液、178 μL
のアセトニトリル、10 μLの 2N 塩酸を加え、遠心分離（11000 rpm、1 min）した。上清を回
収し、各サンプルから 8 μL を注入した。キャリブレーション用標準サンプルを調製するた
め、血液の代わりに 1 μMから 200 μMの濃度のシトルリンの標準溶液を使用した。クロマ
トグラフ分離は、Acquity UPLC system（Waters）を使用した。カラムには 40°Cに保持した
Inertsil NH2カラム（2.1 × 150 mm、3 μM、GL Sciences Inc.）を用いた。移動相 Aには 0.5%
ギ酸水溶液、移動相 B には 0.5%ギ酸アセトニトリル溶液、洗浄溶媒には 0.5%ギ酸含有の
95%アセトニトリル溶液を用いた。分離は 0.4 mL/min の流速と以下の溶出条件で行った：
5%の B（0分～0.6分）、100%の Bへ線形の上昇（0.6分～3.5分）、100％の B（3.5分～5分）。
5分時点で組成を初期状態（5%の B）に戻し、10分まで維持した。UPLC装置は、Xeno TQ 










キャリブレーションの範囲は 1～200 μMであった（Fig. 9、Table 4）。定量法の日中及び日間
の再現性は、2001 年のバイオ分析法バリデーションに関するガイダンス（米国食品医薬品




写ポリメラーゼ連鎖反応（RT-qPCR）により解析した。Total RNAの抽出は、RNase-Free DNase 
Set（Thermo Fisher Scientific Inc.）と RNease Mini Kit（QIAGEN）を用い、製造元のプロトコ





（ARG2）及び β-アクチン mRNA の定量を、TaqMan® Fast Advanced Master Mix（Thermo 
Fisher Scientific Inc.）と 7900 H T Fast Real Time PCR System（Thermo Fisher Scientific Inc.）を
用いて実施した。qPCR分析のためのプライマー及びプローブは、Thermo Fisher Scientific Inc.
が設計したものを用い、TaqMan® Minor Groove Minder（MGB）プローブ、標識されていな
いフォワードプライマーとリバースプライマーの 20 倍混合液を含む TaqMan® Gene 
Expression Assay Mix を用いた。用いたアッセイ ID は、Rn00561285_m1（GLS）、
Rn01411415_m1（P5CS）、Rn00755544_m1（OAT）、Rn00565169_m1（OCT）、Rn01404902_m1
（PRODH）、Rn01469630_m1（ARG2）、及び Rn00667869_m1（β-アクチン）とした。qPCR
増幅は、50°Cで 2分間、95°Cで 10分間、続いて 90°Cで 15秒間、60°Cで 1分間の 40サ
















リノテカン投与群の比として示した。Day 3 及び Day 5 のデータは Dunnett’s multiple 
comparison testで統計学的に解析した。Day 7のデータは F test（有意水準：5%）で統計学的
に解析し、分散の均一性を評価し、分散が均一である場合には Student’s t-testで、不均一で
ある場合には Welch’s t-test を行った。これらの統計解析は、SAS System Release 9.2（SAS 




















































































































































Fig. 8 Chromatographic separation of citrulline from arginine. 
Representative LC-MS/MS chromatograms of analytical sample prepared from rat plasma. M/z 
176 > 70 detects citrulline and M+1 isotopologue of arginine. Citrulline was separated from 
arginine on Inertsil NH2 column. 
Note. Reprinted from “Plasma citrulline is a sensitive safety biomarker for small intestinal 





Fig. 9 Linear calibration for citrulline. 
Note. Reprinted from “Plasma citrulline is a sensitive safety biomarker for small intestinal 




Fig. 10 Irinotecan induced small intestinal toxicity without villus atrophy in the duodenum, 
jejunum, and ileum in all animals. Pair-fed control rats exhibited normal intestinal 
histopathology in the duodenum (A), jejunum (B), and ileum (C, D). Irinotecan did not 
induce villus atrophy, erosion, or ulcers in the duodenum (E), jejunum (F), and ileum (G). 
In the irinotecan-treated group, single cell necrosis (H; arrowheads) was observed. 
Moreover, the regeneration of mucosal epithelium was also noted, as indicated by large pale 
nuclei and basophilic cytoplasm. Black bar in H&E stained sections indicates 200 μm (A, B, 
C, E, F and G) or 25 μm (D and H). 
Note. Reprinted from “Plasma citrulline is a sensitive safety biomarker for small intestinal 






Fig. 11 Decreased plasma citrulline concentration in the irinotecan-treated group. 
Irinotecan suppressed body weight gain (A and B) and food consumption (C). Rats in the 
pair-fed control received an equivalent amount of food to that in the irinotecan-treated 
group. Irinotecan decreased plasma citrulline concentration (D). Data represent the mean 
± standard deviation of six animals. The points represent individual value of plasma 
citrulline. **P < 0.01: Significantly different from the ad libitum or pair-fed control groups 
by Student’s t-test or Welch’s t-test, NS: Not significant. 
Note. Reprinted from “Plasma citrulline is a sensitive safety biomarker for small intestinal 





Fig. 12 Decreased gene expression of enzymes required for citrulline synthesis in the 
jejunum and ileum. Gene transcription levels are expressed as a ratio of the value relative 
to the mean value of the ad libitum control group. Each expression level of target mRNA 
was normalized to beta-actin. Data represent the mean ± standard deviation of 6 animals. 
*P < 0.05, **P < 0.01: Significantly different from the ad libitum or pair-fed control groups 
by Student’s t-test or Welch’s t-test, NS: Not significant. GLS: glutaminase, OCT: ornithine 
carbamoyltransferase, P5CS: pyrroline-5-carboxylate synthase, PRODH: proline 
dehydrogenase, OAT: ornithine aminotransferase, ARG2: arginase 2. 
Note. Reprinted from “Plasma citrulline is a sensitive safety biomarker for small intestinal 





Fig. 13 Decreased amino acid levels involved in citrulline synthesis in the jejunum and 
ileum samples. Each amino acid level is expressed as a ratio of the value relative to the mean 
value of the ad libitum control group. Data represent the mean ± standard deviation of six 
animals. *P < 0.05, **P < 0.01: Significantly different from the ad libitum or pair-fed control 
groups by Student’s t-test or Welch’s t-test. Gln: glutamine, Cit: citrulline, Glu: glutamic 
acid, Pro: proline, Orn: ornithine, Arg: arginine. 
Note. Reprinted from “Plasma citrulline is a sensitive safety biomarker for small intestinal 





Fig. 14 Schematic illustration of pathways involved in decreased plasma citrulline 
following small intestinal injury. In rats intravenously exposed to irinotecan for 6 days, 
decreased gene expression of enzymes such as GLS, P5CS, OAT, and OCT, and decreased 
synthesis of citrulline, were seen in the small intestine. Since citrulline synthesized in the 
small intestine is released into the circulation, plasma citrulline is considered to be decreased 
following small intestinal injury. Plasma citrulline is primarily taken up by the kidneys and 
converted to arginine, while the release and uptake of citrulline by the liver are negligible. 
Consequently, plasma arginine is also likely to decrease following intestinal injury. Gln: 
glutamine, Glu: glutamic acid, Pro: proline, Arg: arginine, Orn: ornithine, Cit: citrulline, 
GLS: glutaminase, P5CS: pyrroline-5-carboxylate synthase, OAT: ornithine 
aminotransferase, OCT: ornithine carbamoyltransferase, PRODH: proline dehydrogenase, 
ARG2: arginase 2, ASS: argininosuccinate synthase, ASL: argininosuccinate lyase, ↑: 
increase, →: no change, ↓: decrease. Roman and Italic typefaces show metabolites and 
enzymes, respectively. 
Note. Reprinted from “Plasma citrulline is a sensitive safety biomarker for small intestinal 




Table 4 Summary of the calibration curves for citrulline. 
 
Accuracy = Observed value / Nominal value x 100 
Note. Reprinted from “Plasma citrulline is a sensitive safety biomarker for small intestinal 
injury in rats.” by Saitoh W. et al. 2018, Toxicol Lett. 295:416-423, Supplemental Table 1 
  
1 27296 311681 0.0876 0.929 92.9
2 55156 311132 0.177 2.07 103.5
4 102574 304479 0.337 4.10 102.5
10 239994 298376 0.804 10.1 101.0
20 472323 275941 1.71 21.6 108.0
40 855210 261697 3.27 41.4 103.5
100 1883074 230529 8.17 104 104.0












Citrulline (a) D6-Citrulline (b)
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Table 5 Intraday accuracy of quantitation method for citrulline. 
 
Accuracy = Observed value / Nominal value x 100 
Precision = Standard deviation / Mean observed value x 100 
n=5 
Note. Reprinted from “Plasma citrulline is a sensitive safety biomarker for small intestinal 
injury in rats.” by Saitoh W. et al. 2018, Toxicol Lett. 295:416-423, Supplemental Table 2 
  
Mean ± S.D. Mean ± S.D. Mean ± S.D.
1 0.891 ± 0.115 89.1 12.9 0.923 ± 0.0958 92.3 10.4 0.943 ± 0.0524 94.3 5.6
3 2.96 ± 0.0844 98.7 2.9 2.79 ± 0.0570 93.0 2.0 2.88 ± 0.171 96.0 5.9
25 26.6 ± 1.03 106.4 3.9 25.2 ± 1.26 100.8 5.0 26.2 ± 1.33 104.8 5.1
160 170 ± 4.21 106.3 2.5 157 ± 3.71 98.1 2.4 163 ± 4.15 101.9 2.5

















Table 6 Interday accuracy of quantitation method for citrulline. 
 
Accuracy = Observed value / Nominal value x 100 
Precision = Standard deviation / Mean observed value x 100 
n=3 
Note. Reprinted from “Plasma citrulline is a sensitive safety biomarker for small intestinal 
injury in rats.” by Saitoh W. et al. 2018, Toxicol Lett. 295:416-423, Supplemental Table 3 
  
1 0.919 ± 0.0262 91.9 2.9
3 2.88 ± 0.0850 96.0 3.0
25 26.0 ± 0.721 104.0 2.8











Table 7 Histopathological findings in the irinotecan-induced small intestinal injury model. 
 
Note. Reprinted from “Plasma citrulline is a sensitive safety biomarker for small intestinal 
injury in rats.” by Saitoh W. et al. 2018, Toxicol Lett. 295:416-423, Table 1 
  
Day of necropsy
Dose (mg/kg) 0 30 60 0 30 60 0 0 60
Number of animals (5) (5) (5) (5) (5) (5) (6) (6) (6)
Feeding condition ad libitum ad libitum ad libitum ad libitum pair-fed ad libitum
Organ Findings
Duodenum - - 1(+) - 2(+) 5(+) - - 6(+)
- 4(+), 1(++) 2(+), 3(++) - 4(+), 1(++) 2(+), 3(++) - - 6(+)
Jejunum - - - - - 3(+) - - 6(+)
- 5(+) 2(+), 3(++) - 5(+) 1(+), 4(++) - - 4(+), 1(++)
Ileum - - - - 1(+) 2(+) - - 6(+)
- 1(+) 1(+) - 4(+), 1(++) 1(+), 4(++) - - 4(+), 1(++)
Cecum - - - - - - - - 3(+)
- - - - - - - - 1(+), 3(++)
Forestomach - - - - - - - - -
- - - - - - - - -
Peyer's patch - - - - - - - - -
Colon - - - - - - - - -
Rectum - - - - - - - - -
The number shows the incidence of each histopathogical finding.  
The histopathological grades are shown in parentheses (-: Within normal limits, +: Slight, ++: Moderate).
ad libitum ad libitum ad libitum
Day 7     Day 5     Day 3       
Glandular stomach
Regeneraton, mucosal epithelium
Single cell necrosis, mucosal epithelium
Regeneraton, mucosal epithelium
Single cell necrosis, mucosal epithelium
Regeneraton, mucosal epithelium
Single cell necrosis, mucosal epithelium
Regeneraton, mucosal epithelium
Single cell necrosis, mucosal epithelium
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Table 8 Endogenous metabolome profile of blood samples in the irinotecan-induced intestinal 
injury model. 
 
Data are expressed as a ratio of the value relative to the mean value of the respective vehicle 
control group. Data represent the mean of six samples. Shaded cells indicate a statistically 
significant increase (red) or decrease (blue) (P < 0.05 by Student’s t-test or Welch’s t-test) 
Note. Reprinted from “Plasma citrulline is a sensitive safety biomarker for small intestinal 
injury in rats.” by Saitoh W. et al. 2018, Toxicol Lett. 295:416-423, Table 2  
arginine 0.79 0.87 1.11
argininosuccinate 0.54 0.42 0.79
urea 1.06 1.08 1.01
ornithine 0.81 1.04 1.28
2-oxoarginine* 0.64 0.51 0.80
citrulline 0.75 0.79 1.07
homoarginine 0.83 0.85 1.03
homocitrulline 0.78 0.85 1.09
proline 0.74 0.87 1.18
dimethylarginine (SDMA + ADMA) 0.88 0.95 1.08
N-acetylarginine 0.65 0.64 0.99
N-acetylcitrulline 0.64 0.53 0.82
N-acetylproline 0.53 0.57 1.08
N-delta-acetylornithine 0.89 1.07 1.21
N-alpha-acetylornithine 0.66 0.69 1.03
N2,N5-diacetylornithine 1.07 0.95 0.89
trans-4-hydroxyproline 0.99 1.01 1.02
pro-hydroxy-pro 1.38 1.05 0.76
N-methylproline 0.98 1.19 1.21
N-monomethylarginine 0.78 1.18 1.51
argininate* 0.94 0.87 0.93
glycine 0.95 0.97 1.02
serine 0.97 0.96 0.99
threonine 0.86 0.99 1.15
alanine 0.86 0.87 1.01
aspartate 0.91 1.01 1.11
asparagine 0.95 1.03 1.09
glutamate 0.97 1.12 1.15
glutamine 1.06 1.09 1.03
lysine 0.98 0.98 1.00
phenylalanine 1.08 1.09 1.01
tyrosine 0.79 0.74 0.94
tryptophan 1.03 1.06 1.03
isoleucine 1.05 1.23 1.17
leucine 1.04 1.24 1.19
valine 1.03 1.27 1.23
cysteine 1.02 0.82 0.80
methionine 0.78 0.88 1.13
histidine 1.01 1.10 1.09
3-methylhistidine 1.08 1.09 1.01
1,5-anhydroglucitol (1,5-AG) 1.17 1.16 0.99
glucose 0.98 0.97 0.99
2,3-diphosphoglycerate 1.29 0.61 0.48
3-phosphoglycerate 0.84 0.84 1.00
pyruvate 0.93 0.90 0.97
lactate 0.76 0.77 1.02
glycerate 1.01 1.15 1.14
citrate 0.83 0.77 0.94
aconitate [cis or trans] 0.86 0.81 0.95
isocitrate 1.54 0.48 0.31
alpha-ketoglutarate 0.74 0.78 1.06
succinate 0.63 0.70 1.11
fumarate 0.76 0.77 1.01
malate 0.76 0.76 1.01
tricarballylate 1.25 1.02 0.82
acetoacetate 1.09 1.54 1.42
3-hydroxybutyrate (BHBA) 1.20 1.23 1.03
heptanoate (7:0) 0.94 0.87 0.93
caprylate (8:0) 0.71 0.58 0.81
pelargonate (9:0) 0.99 0.84 0.85
caprate (10:0) 1.26 1.01 0.80
myristate (14:0) 1.10 0.83 0.76
myristoleate (14:1n5) 1.25 0.90 0.72
pentadecanoate (15:0) 1.10 0.94 0.86
































































































































































































































































































ソゾームにリン脂質が異常蓄積するリン脂質症のバイオマーカーとして 22:6 bis 
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